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Virtually all sources of coherent optical radiation rely on laser oscillators driven by atomic pop-
ulation inversion. While their technological importance cannot be overstated, challenges remain
in applications requiring high phase stability, laser phase locking and coherent combining, or in
particular, difficult spectral ranges such as the “THz gap” (0.1-10 THz). Here, we propose and
analyze a new way to produce coherent radiation to span the THz gap by efficient second-harmonic
generation (SHG) in low-loss dielectric structures, starting from technologically-mature electronic
oscillators (EOs) in the mm-wave spectrum. New THz-band dielectric cavity designs enable this
approach by combining extreme field concentration with nonlinear materials enhanced by phonon
resonances, all while retaining high quality factors at the fundamental and second harmonic frequen-
cies. The resulting designs enable efficient, cascaded parametric frequency converters, representing
a new generation of light sources that are extensible into the mid-IR spectrum and beyond.
There is a fundamental difference in how frequency-
stable electromagnetic (EM) radiation is generated at
frequencies ω/2pi  1 THz and ω/2pi  1 THz. The
majority of sub-THz sources rely on electronic oscilla-
tors (EOs) or frequency multipliers. Far above ∼10 THz,
sources use gain media based on atomic population in-
version. Dividing these frequency regimes is the “THz
gap,” commonly defined as 0.1 - 10 THz, for which ef-
ficient EM sources are not available – a major problem
given this frequency bands importance in applications
ranging from molecular spectroscopy to remote sensing,
navigation, and wireless communication [1–3].
Within the THz gap, shown in Fig. 1, sources based on
electronic methods are possible through nonlinear elec-
trical frequency-multipliers [2] and high-frequency os-
cillators, but their operation becomes inefficient above
fmax ∼100-300 GHz as the unilateral power gain of tran-
sistors falls below unity [4]. On the other hand, THz
sources derived from atomic systems have low efficiency
(below a few percent), require cryogenic cooling [5], or
rely on expensive and large ultra-fast lasers [6].
Here, we introduce a fundamentally different approach
based on extreme field concentration with high qual-
ity factor cavities [7] that achieves frequency conversion
from the microwave into the THz domain with efficien-
cies exceeding 102 %/W. In addition to bridging the ter-
ahertz gap, our approach opens the door to efficient,
phase-stable synthesis of electromagnetic radiation into
the mid-IR spectrum and beyond.
As indicated in Fig. 1(a), we consider an electronic
source at the low end of the THz gap which drives the
first stage of second-harmonic generation (SHG) in a cav-
ity made of a low-loss material that creates a region of
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high electric energy density in a deep sub-wavelength
χ(2) nonlinear material. After the first conversion step
(ωa to ωb = 2ωa), the output is directed to the next
cavity. After cascading N cavities, the final output fre-
quency is 2Nωa. Once the THz gap is crossed, paramet-
ric frequency conversion becomes more accessible since
the electric field amplitude of a photon scales as the
square root of its frequency, allowing the scheme to more
easily extend to yet higher frequencies. The absence of
an atomic gain medium eliminates numerous challenges
associated with gain materials such as quantum noise
(spontaneous emission) and technical noise (vibrations,
drive current noise, relaxation oscillations, etc), promis-
ing phase-stability given by the electronic seed oscillator.
The efficiency of the SHG approach increases with the
pump power of the seed oscillator and is only limited by
dielectric breakdown of the cavity materials. Because the
approach uses parametric frequency conversion (which
inherently dumps no power in the gain region), this ap-
proach can mitigate the sharp efficiency drop in electronic
sources above fmax due to ohmic losses and parasitic re-
actances [4]. Figure 1(a) plots estimates of the resulting
output power at each stage of the SHG cascade, based
on the analysis to be provided below, with a 1 W (closed
circles), 4 W, and 16 W (open circles) input. Further
advances in EO output power, cavity designs, and novel
nonlinear materials should further increase the efficiency
spanning the entire THz gap.
Figure 1(b) illustrates the SHG cascade process using a
doubly-resonant photonic crystal (PhC) cavity. Pumping
mode a with a power Pp generates a field in mode b with
efficiency ηSHG
ηSHG ≡ PSHG
P 2p
=
64
~ω4a
· g2Q2aQb · ηc, (1)
where ηc is the input-output coupling efficiency (see sup-
plemental for definition), Qa and Qb are the quality
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FIG. 1. Terahertz sources and proposed work. (a) Selected terahertz source technologies [8] based on electronics (black),
lasers (blue), and difference frequency generation (DFG) in nonlinear crystals (green) [9–19]. “Terahertz gap” is shaded in red;
available output power in 100 GHz - 1 THz range is limited. Approximate wall-plug efficiency is indicated where available.
Circles denote CW power and triangles denote average pulse power. Our proposed device starts with an EO input at ∼1 W,
∼100 GHz (circled) to generate output power crossing the THz gap by cascaded frequency doubling. Open circles demonstrate
the device power with higher-power input sources. (b) Schematic of spectrum-spanning nonlinear frequency synthesis approach
in PhC cavities. The fundamental mode at ωa is coupled to the second-harmonic mode at ωb = 2ωa in the first cavity with
coupling rate g. The output at ωb couples to the next cavity, cascading in a sequence of frequency doubling steps. After N
steps the final output is at 2Nωa (here N = 5). Mirrors at the output end of the cavity are designed to have high reflectivity
at the fundamental mode and low reflectivity at the SH mode.
factors of the fundamental and second-harmonic (SH)
modes, respectively, and g is the nonlinear coupling rate,
given by
g = χ
(2)
eff
√
~ω2aωb
0
β¯√
(λa/na)3
, (2)
where χ
(2)
eff is the effective second-order nonlinear coeffi-
cient, na is the refractive index of the nonlinear material
at the fundamental frequency, and β¯ denotes the normal-
ized nonlinear mode overlap between the doubly resonant
modes (see supplemental for derivation).
The coupling rate, g, is proportional to ω3a, and thus,
ηSHG ∝ ω2a. The dependence of the conversion efficiency
on the frequency squared poses technical challenges in
THz SHG compared to its optical counterpart. Critical
to our argument, we will show that this scaling can be
overcome with a combination of (1) materials with high
nonlinearities derived from phonon resonances and (2)
cavity designs with strong field confinement.
Nonlinear material analysis - We make use of
large second-order nonlinear susceptibilities derived from
transverse optical (TO) phonon resonances. Transverse
optical phonons can be driven by EM waves, resulting
in large linear susceptibilities. The nonlinear suscepti-
bilities are higher on resonance because they are pro-
portional to the linear susceptibilities at the frequency
components of interest [20] (see discussion in the sup-
plemental material). Phonon resonance frequencies lie
well below electronic resonances at around several THz
for the crystals we consider here: GaAs, GaP, and ZnTe
(zinc-blendes, class 4¯3m); and LiTaO3 and LiNbO3 (fer-
roelectrics, class 3m).
Since experimental data on THz nonlinear optical sus-
ceptibilities in many materials is limited, we rely on theo-
retical models supported by the existing data. The Faust-
Henry model [21, 22] is used for zinc-blende crystals and
an extension of Millers rule [23] for ferroelectric crystals.
In both models, nonlinear coefficients are expressed by
products of a Lorentzian oscillator response and anhar-
monicities.
The dispersion of the linear susceptibility χ(1) = r −
1 = (n − icα2ω )2 − 1 is calculated by a damped oscilla-
tor model. The refractive index, n, and absorption co-
efficient, α, are plotted in Fig. 2(a) and (b). Parame-
ters used in the calculations (e.g., TO phonon frequen-
cies, damping constants, and oscillator strengths) can be
found in Refs. [24–31]. We note that although the the-
3oretical prediction of the absorption coefficient goes to
0 as ω → 0, experiments using THz time-domain spec-
troscopy show an increase in the low-frequency absorp-
tion that may be due to relaxation processes not included
in this model [25, 32–34].
Fig. 2(c) plots |χ(2)(ω, ω, 2ω)| as a function of the fun-
damental frequency from 0 to 10 THz. In the zinc-blende
materials, the nonzero components of the nonlinear ten-
sor χ
(2)
14 , χ
(2)
25 , and χ
(2)
36 are all equal. For the ferroelectric
crystals, χ
(2)
33 and χ
(2)
31 are shown.
Our calculations indicate that these phonon resonances
result in remarkably high THz nonlinear susceptibilities
for LiTaO3 and LiNbO3 of over 10
4 pm/V, exceeding
their values in the optical range by around three orders
of magnitude. GaAs, GaP, and ZnTe also show an or-
der of magnitude increase relative to their optical coun-
terparts. Early measurements of χ(2)(ω, ω, 2ω) at THz
frequencies in GaAs and LiTaO3 [25] provide a few ex-
perimental data points that agree with our calculated
predictions. Follow-up work in GaAs additionally ob-
served the resonant enhancement of SHG power at half
the phonon energy [24].
However, the large χ(2) coefficients are accompanied by
high absorption losses, as shown in Fig. 2(b). As such,
standard cavity designs using a single material generally
would not benefit from this large χ(2) due to the strong
linear absorption. To overcome this issue, we will intro-
duce hybrid cavity designs in which these highly nonlin-
ear materials are embedded in low-loss dielectric cavities,
allowing us to take advantage of the strong χ(2) while
minimizing otherwise detrimental material losses.
Cavity designs - Dielectric cavities with strong field
confinement and high quality factors were recently stud-
ied [7, 35–37] and experimentally demonstrated [38].
These designs introduce tip structures at the mode center
which give extreme field enhancement at the tip. Here,
we apply this field concentration principle to the THz
regime to design PhC cavities with large SHG conver-
sion efficiency. We also introduce a new hybrid-material
ring cavity that concentrates the electric field in a nonlin-
ear material distributed around its length. Both cavity
types have unique benefits and challenges: while PhC
cavities have smaller mode volume and are insensitive
to phase matching, ring cavities require phase matching
but generally have higher quality factor, allow for higher
power operation as gain is distributed, and should sim-
plify waveguide coupling.
Fig. 3(a) shows the fundamental (top) and SH mode
(bottom) of our 1D PhC cavity design (at the middle
cross-section). The holes in a rectangular waveguide form
a distributed Bragg reflector. The tapering of the hole
radii creates defect modes in the bandgap. The dielec-
tric field concentration tips are introduced in the center
hole [39].
Fig. 3(b) shows a top view of our ring cavity (middle)
and cross sectional profiles of the fundamental (left) and
SH mode (right). We use an interferometric coupling
region between the waveguide and the ring [40] to de-
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FIG. 2. Optical parameters predicted from theoretical mod-
els along with experimental data. (a) Refractive index.
(b) Absorption coefficient. (c) Second-order susceptibility,
|χ(2)jkl(ω, ω, 2ω)|. Solid: χ(2)33 (LiTaO3, LiNbO3) or χ(2)14 (GaAs,
GaP, ZnTe). Dashed: χ
(2)
31 (LiTaO3, LiNbO3). χ
(2) is plotted
over half the frequency range of n and α since SHG from ωa
to 2ωa depends on n and α at both frequencies. (d) Illustra-
tion of transverse optical phonon mode excited by an incident
THz field. When either the fundamental or second harmonic
mode lies near the TO phonon frequency, the nonlinear sus-
ceptibility rapidly rises due to the resonance. The first max-
imum appears at half the lowest TO phonon frequency, for
example, at ∼ 4.0 THz in GaAs. A second peak occurs at
ωTO ∼ 8.0 THz, coinciding with the resonant features in the
index and absorption coefficient in (a) and (b).
sign a coupling quality factor, Qca(b), that optimizes the
conversion efficiency [41]. We engineered modal phase
matching by coupling the fundamental transverse mag-
netic (TM) mode at ωa and a higher order TM mode at
2ωa using the χ
(2)
33 component. To couple the two TM
modes by the χ
(2)
14 component in the zinc-blende materi-
als, a 111-oriented crystal would be used [42]. The ring
design achieves phase matching by the condition on the
angular wavenumber mb−2ma = 0. Selecting the radius
such that the ring is resonant at the frequencies ωa and
2ωa for which the effective indices of the waveguide are
equal fulfills the energy matching condition.
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FIG. 3. Cavity modes and scaling behavior. (a) Top-view of the field profiles (log10
∣∣∣ EEmax ∣∣∣2) of PhC cavity modes at ωa = 300
GHz (top) and 2ωa = 600 GHz (bottom). (b) Side-view of the field profiles in the ring at ωa (left), 2ωa (right). Insets, close-up
of nonlinear tips, here LiNbO3. Scale-bars are λa/5 (λa/40 for close-ups). (c) Normalized electric field energy in the tip
|E0|2 =
(
λa
na
)
|Etip|2∫
dr(r)|E(r)|2 where Etip is the average field in the nonlinear tip region; (d), material quality factor; (e), nonlinear
overlap (calculated for R = 2.7 mm); and (f), maximum SHG efficiency with cross-sectional area s of nonlinear material in the
ring resonator, for conversion from 300 GHz to 600 GHz.
Fig. 3(c-f) illustrates how our hybrid cavity designs en-
able large SHG conversion efficiency using the ring cavity
as an example. Here we assume the cavity host material
(Si) to be lossless and a radiation-limited quality factor
of the ring of Qrada(b) = 10
6. The insets in Fig. 3(a) and
(b) show that the nonlinear material is embedded only
near the tip where both cavity modes have a high elec-
tric energy density. The material quality factor Qma(b) is
increased by the inverse of the fraction of energy concen-
trated in the χ(2) material. Fig. 3(c) plots the normal-
ized square electric field |E0|2 as a function of the cross-
sectional area s of the tip region filled with nonlinear ma-
terial. As |E0|2 increases with decreasing nonlinear mate-
rial volume, Qma(b) also increases, as plotted in Fig. 3(d).
The nonlinear mode overlap |β¯| decreases with nonlin-
ear material volume (see Fig. 3(e)), but ηSHG increases
since it is proportional to the quality factor cubed, as
seen in Fig. 3(f). This increase saturates when the total
quality factor becomes limited by coupling or radiation
loss.
Conversion efficiencies - Fig. 4 plots the THz SHG
conversion efficiencies in the nondepleted pump regime
for different nonlinear materials. For the PhC design, we
also show projected efficiencies for improved Qrada(b). We
designed PhC and ring cavities with a nonlinear material
volume small enough for Qa(b) to be limited by radiation
loss (shown in Fig. 3(d)). For simplicity, we ignore the
index dispersion, considering instead the dispersion of
loss and nonlinear coefficients.
Reading the upper envelope of curves in the figure, the
conversion efficiencies are above 102%/W across most of
the THz gap, indicating near-unity conversion efficien-
cies with input powers on the order of 1 W or higher.
Analysis of the absolute conversion efficiency (depleted
pump regime) provides the output power at each stage
of the cascaded process, shown in Fig. 1(a) for the ring
(see discussion in supplemental).
Discussion - We theoretically estimated the first-
and second-order susceptibility of several promising ma-
terials in the terahertz region: GaAs, GaP, ZnTe,
LiNbO3, and LiTaO3. Quantum materials such as
charge density wave materials (TaS2), excitonic insula-
tors (Ta2NiS5), and collective excitations in supercon-
ductors (NbN) may enable even higher second harmonic
efficiency or signal amplification. Key to minimizing op-
tical loss is to embed such materials in regions of high
field concentration: hybrid dielectric cavities employing
dielectric tip structures in photonic crystal cavities and
novel ring resonators. We anticipate that substantial
further efficiency gains will be possible by further co-
design of materials, resonators, and SHG phase match-
ing. These efforts also call for experimental studies of
THz-spectrum nonlinearities, cavities, loss mechanisms,
etc.
From calculations of nondepleted and absolute conver-
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FIG. 4. Maximum second harmonic generation efficiency for
doubling frequencies, in %/W. Colors denote the materials
as in Fig. 2. Solid and hollow markers represent the current
design and near-future designs with improved Q, respectively.
For the photonic crystal cavities, Qrada = 232, 000 (10
6) and
Qradb = 3, 700 (10
5) for the current (near-future) designs. For
the ring cavities, we assumed Qrada,b = 10
6.
sion efficiencies of our devices over a sequence of cascaded
frequency doubling steps, we estimate the opportunity
to generate THz radiation with substantially higher ef-
ficiency than electronic sources alone, but without the
need for cryogenic cooling in THz lasers. It is clear from
the curves in Fig.1 that the fall-off in output power is very
sudden, since cascaded losses compound as the square
in each SHG step. To sustain high output power after
many SHG steps, we therefore assumed a rather high in-
put power of up to 16 W at the ∼100 GHz seed frequency.
This input power may require larger cavities in the early
stages of frequency conversion to distribute gain, or co-
herent combination of multiple cavity outputs between
stages may be used to operate below damage threshold
while compensating losses in each step.
Conclusion - We proposed a new approach for light
sources in the THz spectrum and beyond, based on cas-
caded second harmonic generation pumped by low-noise
electronic oscillators. As opposed to laser sources, this
approach requires no population inversion; and in con-
trast with electronic sources, it is not hindered above
a certain fmax. It leverages high quality-factor dielec-
tric resonators with phonon-resonance-enhanced second-
order nonlinear materials for parametric frequency con-
version, which is inherently power-preserving. In particu-
lar, our modeling shows that these highly nonlinear mate-
rials embedded in low-loss dielectric cavities with strong
field confinement and high Q provide sufficiently high
SHG conversion efficiency to be cascaded over multiple
octaves, provided sufficiently high input power from the
electronic source. Moreover, sum/difference frequency
generation (SFG/DFG) would enable arbitrary frequen-
cies. Using a combination of cascaded SHG, SFG, and
DFG, our approach opens the door to compact, low-cost,
and room temperature devices that deliver high power
THz radiation at any frequency in the THz gap, and
that may be extended into the mid-IR and beyond.
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